ABSTRACT Cardiac Doppler flow velocity studies were performed in normal human fetuses between 18 and 40 weeks of gestation. Two-dimensional linear array and sector scanning techniques were used for the initial evaluation of the fetuses, which included a standard ultrasound examination to determine normal anatomy and estimated gestational age and weight. Fetal 
THE HUMAN FETAL HEART can now be examined by ultrasound and echocardiographic techniques. [1] [2] [3] [4] [5] [6] [7] [8] This allows fetal cardiac anatomy and physiology to be studied in an obstetric population for the purpose of prenatal diagnosis and management.
Doppler echocardiographic techniques can be used to determine flow velocity, and in conjunction with two-dimensional real-time imaging, can provide estimates of volume flows."i ' These techniques were used in 90 examinations of 75 fetuses to establish normal values of temporal flow velocity and to attempt to assess transvalve volume flows in the human fetus.
Methods
Patients were selected from the Obstetrics Clinic at the Arizona Health Sciences Center and from outside referrals. Human Subjects Committee approval was obtained for the study, and informed consent was obtained from each participating mother before the examination. Fetuses were examined between 18 and 40 weeks gestation; all fetuses have been examined postnatally and have had normal cardiac findings.
The instruments used included an Aloka 256 element linear array scanner and a 3.5 or 5 MHz Honeywell Echo Doppler scanner. With either scanning frequency, Doppler interrogation was performed at 3.5 MHz. Pulse repetition frequency for Doppler was 9500 at 6 to 12 cm depth of investigation so that the maximum unambiguously detectable velocity was 85 cm/sec when sampled parallel to flow.
Routine ultrasound scan measurements of each fetus included biparietal diameters, abdominal diameters, femur varied less than 10 degrees between examiners. Peak velocities obtained by the individual examiners varied with fetal respiration and fetal movement. The measurements were used only when a series of 3 consecutive beats with the highest velocity and of similar appearance was obtained in the absence of fetal breathing and movement.
Measurement of records. Maximal and mean temporal velocities were determined from page print outputs of the gray scale Doppler spectrum by means of a minicomputer. Maximal velocities were measured to the highest modal velocity (the darkest portion of the spectrum) in either systole or diastole. Temporal mean velocities were calculated by planimetering the area underneath the gray scale spectral velocity display throughout the cardiac cycle and by dividing by the time over which the flow was traced. Flow velocities were traced along the zero line during no-flow periods, diastole for the great arteries and systole for the atrioventricular valves. An average of 3 beats was used to determine the values reported. Measured velocities were angle-corrected by dividing by the cosine of the angle of incidence. Mean flow velocities were not corrected for heart rate. The normal fetus has a heart rate between 120 and 160 beats/ min, and no fetuses in this study had abnormal heart rates. Maximal velocity tracings could be obtained with a variation of less than 10% by the individual examiners and had similar reproducibility when sequential studies by the two examiners were compared. Repeated tracings of the same printed outputs by the individual examiner varied less than 3 cm/sec for maximal velocity and less than 0.5 em/see for temporal mean velocity calculations, and similar variation was found between examiners. All measurements were performed by two examiners (S. S. and K. L. R.).
Volume flow estimates. We attempted to estimate volume flow across the atrioventricular valves in a subset of fetuses (n 18 of 26 attempts) studied between 26 and 30 weeks of gestation. To obtain volume flow measurements across the atrioventricular valves, linear array four-chamber views were obtained and mitral and tricuspid valve anulus diameters were measured in the axial direction. Doppler flow velocities were then obtained after changing fetal position so that flow was consistently toward or away from the transducer through the atrioventricular valves and sampling could be obtained at an angle of less than 30 degrees. Transvalve flows were calculated with the formula:
mean V x A Q = cos 0 where Q -flow, mean V = mean temporal velocity, A area, and 0 is the angle of incidence. '-For the purposes of these calculations, tricuspid and mitral valve anulus diameters in four-chamber views were considered to represent the diameters of circular flow orifice areas in early diastole. This dimen sional measurement was undertaken immediately before or after the Doppler measurements. The time in the cardiac cycle during which flow area was estimated was determined by slow motion videotape playback from two-dimensional ultrasound studies. Measurement of the two-dimensional images was performed from endocardial wall to endocardial wall at the valve anulus just after the opening of the atrioventricular valves. I Because of the small size of the structures examined (diameters of 0.44 to in these views. A short-axis/pulmonary arterial view with a pulmonary arterial flow velocity tracing is shown in figure 2 . Figure 3 measured at the same examination, aortic measurements exceeded pulmonary arterial measurements in 68% for both phasic maximal and temporal mean determinations.
For atrioventricular valves, late diastolic velocities coinciding with atrial contraction were consistently higher than early diastolic filling velocities, resulting in an A-wave dominant Doppler tracing in 97% of the fetuses examined ( figure 1 ). This differs from the pattern seen in older children and adults, in whom the early diastolic Doppler flow velocity peak is dominant.
Eighteen fetuses were examined between 26 and 30 weeks gestation for the purposes of estimating mitral and tricuspid volume flows. This is a time of accelerating growth in the fetus. Criteria for inclusion were axial measurements of atrioventricular valve anuli (figure 6) and then rotation to allow velocity interrogation for both valves at an angle of less than 30 degrees during the same examination. Dimensional measurements for atrioventricular valve rings showed wide scatter as a function of estimated fetal weight, as of course did calculated volume flows. For the 18 fetuses in this part of the study, area measurements for atrioventricular valves ranged from 0.26 to 0.74 cm2 for the tricuspid valve and 0.25 to 0.62 cm2 for the mitral valve. Tricuspid anulus measurements were consistently larger than mitral valve measurements, and tricuspid flow volumes (307 ± 30 ml/kg estimated fetal weight/min) were statistically larger than mitral flow volumes (232 ± 25 ml/kg estimated fetal weight/min; p < .01) (figure 6). There was wide scatter in the data, but in 15 of 18 fetuses the tricuspid flow/mitral flow volume ratio was greater than 1 (range 0.89 to 1.81), and for the group the ratio was 1.3:1.
Discussion
Fetal cardiac blood flow patterns differ from those in the neonate and the adult. Flow in the fetus results from simultaneous ejection from both right and left ventricles into the systemic circulation. Vena cava inflow in the fetus is split to either the left atrium through the patent foramen ovale and eventually into the ascending aorta, or to the tricuspid valve, into the right ventricle, and pulmonary artery, with most of the flow continuing across the ductus arteriosus into the descending aorta. Fetal cardiac function has been studied in the lamb, but the invasive nature of the methods used precludes studies in the human fetus. In our study, peak Doppler filling velocities across the tricuspid valve were higher than those across the mitral valve, and valve volume flow across the tricuspid valve was greater, consistent with the right heart dominance previously demonstrated in normal fetal animals studied by Rudolph and Heymann. 13 It would be expected that pulmonary arterial volume flow would be greater than aortic flow, and in our previous study of normal fetuses, the pulmonary arterial (PA) diameter slightly exceeded the aortic (AG) diameter (PA/AO: 1.2/1) 12 Despite increased preload volume to the right ventricle compared with the left, aortic peak velocity exceeded pulmonary arterial velocity. This may reflect a better mechanical performance of the left ventricle or a difference in afterload prenatally even though left ventricular stroke volume is less than right ventricular flow volume. There was, however, wide scatter and more angle correction in the aortic data, which raises the possibility of overestimation of the angle-corrected aortic velocities. Doppler flow tracings in the atrioventricular valve inflow regions showed a dominant late diastolic component coincident with atrial systole. This may reflect the decreased diastolic compliance of the fetal heart'4 and may explain the importance of atrial systole to normal cardiac function in the fetus. Both decreased compliance and right heart dominance might explain the development of right ventricular enlargement, ascites, and edema (hydrops) in the fetus with a cardiac malfunction, since the right heart of the fetus handles the major portion of the volume load induced by severe anemia or abnormal cardiac rhythm. ' and may be helpful as an adjunct to the diganosis of congenital heart disease.
This work provides a preliminary approach to defining normal velocities for application of Doppler techniques in the study of human fetal cardiac physiology.
